We report on the experimental observation of an abrupt rise in the longitudinal momentum distribution of recoil ions created in proton helium collision. The details of this structure can be related to electrons traveling with the velocity of the projectile [electron capture to the continuum (ECC)]. The longitudinal as well as the transverse distribution of the recoil ions can be explained as a continuation of the momentum distribution from ions resulting from electron capture illustrating the smooth transition from the capture to bound states of the projectile to the ECC. DOI: 10.1103/PhysRevLett.86.224 PACS numbers: 34.50.Bw, 34.70.+e The single ionization of an atom by a charged particle represents an excellent example for a nonstationary quantum mechanical three-body problem, which even 74 years after the formulation of the Schrödinger equation remains a major challenge for theory (see [1] ). The momentum distribution of the fragments in the final state of an atomic collision is the main source of information on the dynamics of such ionization processes. Of particular interest are discrete structures in these momentum distributions, which are directly linked to a particular mechanism or to a special kinematical scenario of how the ionization proceeds. In the momentum distribution of ionized continuum electrons three of such distinct structures are known: (1) A spherical ridge in the velocity space, centered on the projectile velocity y p , resulting from the binary encounter between the projectile and a quasifree target electron. And (2) and (3) two peaks at the target and at the projectile velocity, resulting from very slow electrons ["target cusp" or electron capture to the target (ECT), see [2, 3] ] and electrons traveling with the projectile without being bound [electron capture to the continuum (ECC); see [4] [5] [6] and references therein, as well as [7] for a review]. For the ECC processes the conspicuous cusp shaped double differential cross sections were assumed to be due to the long-range nature of the Coulomb interaction of the electron and the charged projectile in the final state. But contrary to the prominently structured electron momentum distribution, all experimental momentum distributions of the recoiling ion in ionizing collisions are remarkably smooth and without any structures (see, e.g., [8-11]).
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We report on the experimental observation of an abrupt rise in the longitudinal momentum distribution of recoil ions created in proton helium collision. The details of this structure can be related to electrons traveling with the velocity of the projectile [electron capture to the continuum (ECC)]. The longitudinal as well as the transverse distribution of the recoil ions can be explained as a continuation of the momentum distribution from ions resulting from electron capture illustrating the smooth transition from the capture to bound states of the projectile to the ECC. DOI The single ionization of an atom by a charged particle represents an excellent example for a nonstationary quantum mechanical three-body problem, which even 74 years after the formulation of the Schrödinger equation remains a major challenge for theory (see [1] ). The momentum distribution of the fragments in the final state of an atomic collision is the main source of information on the dynamics of such ionization processes. Of particular interest are discrete structures in these momentum distributions, which are directly linked to a particular mechanism or to a special kinematical scenario of how the ionization proceeds. In the momentum distribution of ionized continuum electrons three of such distinct structures are known: (1) A spherical ridge in the velocity space, centered on the projectile velocity y p , resulting from the binary encounter between the projectile and a quasifree target electron. And (2) and (3) two peaks at the target and at the projectile velocity, resulting from very slow electrons ["target cusp" or electron capture to the target (ECT), see [2, 3] ] and electrons traveling with the projectile without being bound [electron capture to the continuum (ECC); see [4] [5] [6] and references therein, as well as [7] for a review]. For the ECC processes the conspicuous cusp shaped double differential cross sections were assumed to be due to the long-range nature of the Coulomb interaction of the electron and the charged projectile in the final state. But contrary to the prominently structured electron momentum distribution, all experimental momentum distributions of the recoiling ion in ionizing collisions are remarkably smooth and without any structures (see, e.g., [8] [9] [10] [11] ).
In this Letter we report on the experimental observation of a new discrete structure in the He 11 recoil-ion longitudinal momentum p zr distribution for the reaction
We observe an abrupt rise in the longitudinal recoil-ion momentum distribution that is related to the ECC processes and which for the first time confirms a theoretical prediction of Rodríguez et al. [12] . The conservation laws of energy and momentum connect the final state momenta of the three particles on the right-hand side of Eq. (1). They restrict the number of linearly independent observables (neglecting the spin) to 9 2 4 5. For heavy projectile impact one can easily show (see [13] ) that the recoil-ion longitudinal momentum in the final state is given by [ 
where E bind is the binding energy (negative value) of the electron in the initial state, E e is the kinetic energy of the electrons in the final state, and q e is the polar emission angle of the electron (in the laboratory frame). Note that there is no one to one relation between the electron energy in the laboratory frame or the projectile energy loss and the longitudinal recoil-ion momentum (see [14] ). A strikingly simple interpretation of p ionization zr is gained by transforming the electron momenta from the laboratory to the projectile rest frame (we use ‫ء‬ to indicate terms in the rest frame of the projectile). From Eq. (2) it is straightforward to derive the following result:
Here E ‫ء‬ e is the kinetic energy of the active electron seen from the moving projectile frame. For the ionization process it is clear that E 
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E ‫ء‬ e equals zero, given by
p min zr corresponds to the electron emission of the ECC, i.e., electrons with no kinetic energy and velocity in respect to the moving projectile.
Equation ( are quantized. Equation (3) has been widely used for high-precision energy gain spectroscopy (see [15] and references in [13] ).
Details on the experimental technique of cold target recoil ion momentum spectroscopy (COLTRIMS) used for this experiment can be found elsewhere (see [8] for more detailed information on the experimental setup used for this experiment and [13] for a review). In brief, a precooled supersonic gas jet is crossed with a pulsed ion beam. Upstream and downstream of the target gas jet the ion beam is charge state analyzed by electrostatic deflectors. If a projectile is neutralized it is detected by a channel plate detector. An electrostatic field guides the recoil ions created in the overlap region onto another position-sensitive channel plate detector. From the position of impact on the detector and the time-of-flight the three components of the recoil-ion momentum vector can be determined. With this configuration we were able to measure the recoil-ion momentum distributions for all recoil ions and simultaneously the ions from single capture reaction only. Since capture leads to clearly separable lines in the recoil-ion momentum distributions [see Eq. (3) and Fig. 1 ], the two measured distributions can be normalized very exactly with respect to each other and the momentum distributions for the pure ionization channel can be obtained just by subtracting these two distributions. The low extraction fields and the electrostatic spatial focusing resulted in a very high resolution of 60.025 a.u. in the longitudinal recoil-ion momentum crucial for this experiment [the good resolution is most obvious in the width of the capture lines in Fig. 1(c) , for example]. Therefore the relative energy gain resolution of the projectile is better than DE͞E , 10 25 . The resolution in the time-of-flight direction was 60.012 a.u.
In Fig. 1 the recoil-ion longitudinal momentum distribution for the ionizing (solid line) and the capture processes (dotted line) for projectile energies of 100, 150, and 200 keV͞u are shown. The very high momentum resolution achieved here is necessary to visualize and distinguish between all these structures and processes. At all three velocities an abrupt rise of the p zr distribution for the ionization is found. The existence of a minimum value of p min zr [indicated by ECC in Fig. 1(b) ] is just a consequence of momentum and energy conservation, i.e., purely a consequence of kinematics. It bears no information on the dynamics or any other detail of the reaction. For example, this would also occur for antiproton or even any neutral particle impact as well [14] . The physical information lies in the fact of which way the kinematically allowed phase space is populated. It is remarkable that the cross section ds͞dp zr has a finite value at p min zr , i.e., an abrupt rather than a smooth rise. Rodríguez and co-workers have predicted this abrupt rise within a continuum distorted wave eikonal initial state (CDW-EIS) calculation (see [12] ). They argued that this is a mirror image of the ECC peak in the electron momentum distribution. If one assumes a homogeneous population (i.e., no cusplike structure) of the electron momentum phase space in the vicinity of the ECC (i.e., d
3 s͞dp ex dp ey dp ez const), this would result in a smooth rise like ds͞dp r p p r 2 p min r . An abrupt rise requires d 3 s͞dp ex dp ey dp ez diverging exactly like 1͞ p p 2 ex 1 p 2 ey 1 ͑p ez 2 y p ͒ 2 (see [12, 14] ). The present results should be considered as a sensitive verification of the actual ECC cusp structure.
Using Eq. (3) one can also interpret the p zr distribution of Fig. 1 as a cross section single differential in the electron energy (E ‫ء‬ e ) seen from the moving projectile. These cross sections are simply related by y p ͑ds͞dE ‫ء‬ e ͒ ds͞dp zr . E ‫ء‬ e is indicated by the additional bottom scales in Fig. 1 . In the electron spectra of the laboratory frame the ECC leads to a divergence in the doubly differential cross section d
2 s͑͞dVdE e ͒. In the projectile frame this divergence is not present, and ds͞dE ‫ء‬ e shows a smooth transition across the continuum threshold (see Fig. 1 ). Thus the capture to highly excited states joins the ionization continuum continuously across the ECC edge. Our data have been normalized to the total cross sections from [16] . CDW-EIS calculations for the ionization channel reproduce the general feature and the abrupt rise (see circles in Fig. 1 ). The discrepancy in the details of the shape of the distribution, however, indicates the problems of perturbation theory at these relative low velocities y p .
In addition to the longitudinal momentum distribution for 200 keV͞u in Fig. 1(c) the momentum distributions for the ionization processes of Figs. 1(a) and 1(b) are overlaid (dash-dotted lines). They have an almost velocity independent shape but are cut at different longitudinal momentum due to the different projectile velocities. This also shows the physical reason for the rapid change in the ratio of capture to ionization. It is the kinematics that moves the ion momenta related to capture into a region of smaller population decreasing this proportion. At the same time the cutoff in the ionization continuum also moves backwards. The overall shape is very similar to the Compton profile (see also [9] ) suggesting that this distribution is highly influenced by the initial state. In the initial state of an atom a backward momentum of the nucleus higher than the cutoff momentum corresponds to an electron moving forward faster than the projectile. Thus the projectile is unable to transfer momentum to the target electron and ionize a helium atom with such initial state momentum via pure electron-projectile interaction resulting in some sort of sound barrier in the longitudinal recoil-ion momentum distribution moving backward with the projectile velocity.
Additional information can be gained from the doubly differential cross section d 2 s͑͞dp zr dp tr ͒ (see Fig. 2 ). The transverse recoil-ion momentum p tr for the capture reaction is simply the mirror image of the projectile scattering. For the ionization it is the sum of the projectile and the electron transverse momentum. Thus it is indirectly linked   FIG. 2 . The momentum distribution for the recoil ions of the ionization process for three different kinetic energies of the projectile. The abscissa shows the momentum in the longitudinal direction and the ordinate represents the transverse momentum. The doubly differential cross section d 2 s͑͞dp zr dp tr ͒ is plotted in linear scale. The dash-dot-dotted lines (left-hand side) indicate the electron capture to the continuum (ECC) while the dash-dotted lines (right-hand side) indicate the target cusp (ECT).
to the impact parameter as well as to the electron emission dynamics [9] . At least two trends can be observed in the cross section d 2 s͑͞dp zr dp tr ͒: First, the production of ions with p zr close to p min zr and thus the production of high energy electrons in the forward direction close to the ECC peak leads to larger transverse recoil-ion momenta than the ions with more longitudinal momentum in the forward direction. The dominant contribution to the recoil-ion doubly differential cross section d 2 s͑͞dp zr dp tr ͒ peaks at small momentum and can be associated with low energetic electron emission.
The second effect is the shoulder/convexity moving with the kinetic energy of the projectile in the double differential cross section d 2 s͑͞dp zr dp tr ͒ indicated by the dash-dotted lines (ECT) at the right-hand side of the spectra in Fig. 2 (the dash-dot-dotted lines at the left-hand side indicate the ECC processes). This ECT line at 2E bind ͞y p shows the [2] and also [3] ).
The transverse momentum transfer to the recoil-ion as well as the projectile scattering is the result of a subtle interplay in the three-particle interaction. Here theory can help to uncover some of the underlying mechanisms. Therefore, we show in Figs. 3(a) and 3(b) the experimental transverse momentum distribution for different intervals of the longitudinal momentum in comparison with the result of the full CDW-EIS calculation (solid line) and with the CDW-EIS calculation where the repulsion between the two nuclei has been switched off (dashed line). The full calculation shows a narrower ion momentum distribution, which is in much better agreement with all experimental data than the model without the nuclear repulsion. This indicates that the nuclear momentum exchange counteracts the momentum transfer between the electron and the target nucleus, resulting in a smaller mean transverse momentum of the recoil ion. Large transverse recoil-ion momenta, however, are still a result of pure nuclear-nuclear scattering. It can be clearly seen that the transverse momentum distribution of the capture and the ECC channel are very similar, again highlighting the smooth transition from capture to ECC. The main contribution to the ionization channel (ION), however, peaks at smaller transverse momenta than the ECC and the capture processes.
In conclusion, we have found an abrupt rise of the recoil-ion longitudinal momentum distribution linked to the ECC electrons. At very small scattering angles (,10 24 rad) capture to projectile states of n $ 2 and ionizing collision leading to the ECC show the same cross section per ion momentum phase space and the same transverse momentum exchange highlighting a smooth transition from capture to ionization in ion atom collisions.
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